Introduction {#sec1}
============

Owing to its cost-effectiveness and ease of operation, flocculation is the most commonly used technique to achieve an efficient solid--liquid separation in many industrial processes,^[@ref1]^ such as coal mining and mineral processes,^[@ref2]^ wastewater treatment,^[@ref3]−[@ref5]^ pulp and paper processes,^[@ref6]^ and biotechnology operations.^[@ref7]^ In these processes, flocculants are essential elements to destabilize suspended colloids. The currently used flocculants in the industry are mainly synthetic organic polymers, e.g., polyacrylamide (PAM) and its derivatives.^[@ref8]^ However, these flocculants and their derivatives can cause environmental issues because they possess some unfavorable properties, e.g., non-biodegradability and hazardousness to humans.^[@ref9]^ Therefore, efforts have been made on combining synthetic and natural polymers to create more environmentally friendly flocculants.

Lignin is renewable biomass composed of methoxylated phenylpropane structures, and it can be widely used as a raw material of seminatural products, such as flocculants.^[@ref10]^ In the past, various lignin-based polymers were produced for this purpose. For example, a variety of vinyl monomers, e.g., acrylamide, acrylic acid,^[@ref11],[@ref12]^ dimethyl diallyl ammonium chloride,^[@ref13],[@ref14]^ 2-(methacryloyloxy)ethyl trimethylammonium chloride (METAC),^[@ref15]^ have been successfully polymerized onto lignin. In this context, 2-acrylamido-2-methylpropane sulfonic acid (AMPS) is a multigroup anionic amide monomer.^[@ref16]^ Its strong anionic nature, solubility, and good salt-resistance result from the presence of sulfonic groups on its structure.^[@ref17]^ Additionally, AMPS-based polymers were reported to have more resistance against hydrolysis and acid/base environment.^[@ref18],[@ref19]^ These properties make AMPS an ideal candidate for flocculant production. To the best knowledge of the authors of this work, the polymerization of lignin and AMPS to generate KL-*g*-AMPS and the use of the produced polymer as a flocculant has not been reported in the past. The first objective of this work was to evaluate this polymerization reaction.

Charge neutralization, polymer bridging, and electrostatic patch have been described as the primary mechanisms of flocculation processes.^[@ref1],[@ref20],[@ref21]^ It is widely accepted that polymeric flocculants develop flocs with different properties when adsorbed onto particles.^[@ref22]^ Hydrodynamic and short-range interactions are considered to be the major factors for the collision of flocculants and particles.^[@ref23]^ These interactions can bring two particles into close vicinity of each other.^[@ref24]^ The chance of the two particles colliding and forming flocs depends on the short-range interactive forces.^[@ref25]^ It has been reported that these interactions are essentially related to the electrical nature, attractive (generally van der Waals forces), repulsive (electrical double layers), and Lewis acid--base interaction (hydrophobic interaction) in the colloidal systems.^[@ref26]^ These interfacial interactions between two surfaces can be generally described following the extended Derjaguin--Landau--Verwey--Overbeek (XDLVO) theory,^[@ref27]^ which has been developed to explain the flocculation of algal to clays^[@ref23]^ and the adsorption of nanosized particles to the surface of bacteria^[@ref28]^ or calcite,^[@ref29]^ for instance. The second objective of this study was to investigate the role of interfacial interactions between KL-*g*-AMPS polymer and alumina particles following the fundamentals of the XDLVO theory. Aluminum oxide particles were chosen as the model clays in this study, as they are widely used in ceramic and mineral processes due to their high thermal resistance and strength.^[@ref22]^ Commonly, the wastewaters produced in these processes contain large amounts of aluminum oxide particles that possess positive charges on their surfaces and cause high water turbidity. Anionic flocculants are effective in separating the aluminum oxide particles from the colloidal suspension.^[@ref30]^ Therefore, the prepared KL-AMPS flocculants could be used in the wastewater treatment of mineral or ceramic industries. The main novelties of this work were (1) the development of a green flocculant to replace oil-based ones and (2) the understanding of the interfacial interactions between flocculants and aluminum oxide particles.

Experimental Methodology {#sec2}
========================

Materials {#sec2.1}
---------

Softwood Kraft lignin (KL) was produced via the pilot plant facilities of FPInnovations in Thunder Bay, ON, Canada. Also, 2-acrylamido-2-methylpropane sulfonic acid (AMPS) with 99% purity, K~2~S~2~O~8~, NaNO~3~, KCl, NaOH with 97% purity, deuterium oxide (D~2~O), aluminum oxide particles, poly (ethylene oxide), glycerol, diiodomethane, poly(acrylic acid) (PAA), and trimethylsilyl propanoic acid (TPA), all of analytical grades, were purchased from Sigma-Aldrich Company. The dialysis membrane with a molecular weight cut off of 1000 g/mol was purchased from Spectrum-Labs.

Synthesis of KL-*g*-AMPS Polymers {#sec2.2}
---------------------------------

In this set of experiments, 2 g of KL was dispersed in a certain amount (8.1--20.9 g) of water in a plastic bag. The desired amount (1.15--6.90 g) of AMPS was added to the mixture, and the pH was adjusted to the desired value (1.0--12.0). After purging with nitrogen for 5 min, 0.03 g of potassium persulfate was added to the mixture, which was then purged with nitrogen for another 10 min and placed into a water bath to start polymerization at different temperatures (50--90 °C) for 30--240 min. Every 15 min, the mixtures in the plastic bag were kneaded by hands for 2 min. After cooling to room temperature, the mixtures in the plastic were mixed with 150 mL of 80 vol % ethanol/water to precipitate the produced lignin-based polymer from the rest of the reaction mixtures.^[@ref31]^ The addition of ethanol to the mixtures converted the solution mixtures to suspensions. The suspensions were then centrifuged at 3500 rpm for 10 min (Sorvall ST 16 Laboratory Centrifuge, Thermo Fisher) and the obtained precipitates were collected and resuspended in 100 mL of 80 vol % ethanol/water, stirred at 300 rpm for 30 min, and centrifuged at 3500 rpm for 10 min. This procedure was repeated twice. After the collection of the lignin polymer product, it was dissolved in 100 mL of water, and the solution was neutralized by 1 mol/L NaOH and transferred into membrane dialysis tubes to dialyze against distilled water for 2 days. After drying the resultant solutions in a 105 °C oven, the purified polymers, KL-*g*-APMS, were collected. The homopolymer of PAMPS was produced following the same procedure under the conditions of 10 g of AMPS, 60% solid/water ratio, 2% initiator/lignin weight ratio, 80 °C, 120 min, and pH 1.5.

Characterization of KL, KL-*g*-AMPS, and PAMPS Samples {#sec2.3}
------------------------------------------------------

Approximately, 0.20 g of the polymers was dissolved in 20 g of water, and the solutions were immersed in a water bath shaker (Innova 3100, Brunswick Scientific, Edison, NJ) and shaken (150 rpm) at 30 °C for 2 h. The charge density of the polymer was then analyzed using a Particle Charge Detector (Mütek PCD 04) with 0.005 M poly(dimethyl diallyl ammonium chloride) solution as the standard titration solution.

The carbon, hydrogen, oxygen, nitrogen, and sulfur contents of KL, KL-*g*-AMPS, and PAMPS were determined using a Vario EL Cube Elemental Analyzer (Elementar, Germany). The samples were oven-dried in 105 °C oven for 12 h to remove any moisture before analysis. As KL lacked any nitrogen element in its chemical structure, the nitrogen content of KL-*g*-AMPS was derived from AMPS that was attached to KL. The grafting ratio of AMPS on KL was identified using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} according to the nitrogen content of KL-*g*-AMPS polymers.^[@ref12]^where N is the nitrogen content of the samples (wt %) and 14 and 229.25 are the molecular weights (g/mol) of nitrogen and AMPS sodium, respectively.

The  molecular  weights and their distributions for KL, KL-*g*-AMPS, and PAMPS samples were analyzed using gel permeation chromatography (GPC, Malvern, GPCmax VE2001 Module Viscotek TDA305), which was equipped with a refractive index (RI) detector and a series of aqueous columns including PolyAnalytic PAA206 and PAA203. The solution of 0.1 M NaNO~3~ at the flow rate of 0.70 mL/min was used as an eluent, while poly(ethylene oxide) samples were employed as standards. The temperature of the columns was 35 °C. In this analysis, 20 mg of KL, KL-*g*-AMPS, and PAMPS samples were dissolved into 10 mL of 0.1 mol/L NaNO~3~ solution by stirring at 400 rpm and room temperature for 24 h. After filtering the solution with a 0.2 μm nylon filter (13 mm diameter), the filtrates were injected into the GPC system for analysis.

The ^1^H NMR spectra of KL, KL-*g*-AMPS, and PAMPS samples were collected using an INOVA-500 MHz instrument (Varian). In this analysis, 30 mg of samples were dissolved into 1 mL of D~2~O by stirring them at 200 rpm for 1 h, to which 0.025 g of TPA was added as the internal standard. The pulse angle of 45° and the relaxation time of 1.0 s were employed during nuclear magnetic resonance (NMR) analysis.

The ζ-potentials of KL, KL-*g*-AMPS, PAMPS, and aluminum oxide suspensions were measured by a ζ-potential analyzer (NanoBrook Omni, Brookhaven Instruments). The suspensions of KL, KL-*g*-AMPS, and PAMPS samples (1 g/L) at pH 7.0 were prepared by stirring them at 300 rpm for 30 min and then diluting them with 1 mM filtered KCl solution before the ζ-potential analysis. The suspensions of alumina were prepared for analysis by diluting 100 μL of aluminum oxide suspensions (5 g/L at pH 7.0) into 20 mL of filtered KCl solution.

According to a published procedure,^[@ref32]^ the hydrodynamic sizes of KL, KL-*g*-AMPS, PAMPS, and aluminum oxide particles were determined using a dynamic light scattering instrument (BI-200SM, Brookhaven Instruments), which was equipped with a solid-state laser (35 MW power). The laser was emitted at a scattering angle of 90° and a wavelength of 637 nm. The KL, KL-*g*-AMPS, PAMPS, and alumina particles at a 1 g/L aqueous concentration and pH 7.0 were prepared and stirred at 300 rpm and 25 °C for 24 h. The suspensions were filtered through a 0.45 μm syringe filter and put into the instrument, whose operation was carried out for 2 min. The analysis was repeated five times and then the mean values were calculated.

The contact angles of KL, KL-*g*-AMPS, PAMPS, and aluminum oxide were determined by a sessile drop method using water, glycerol, and diiodomethane as test liquids.^[@ref28]^ First, 1 mL of KL, KL-*g*-AMPS, and PAMPS aqueous solutions with the concentration of 50 g/L were spread on glass slides using a WS-650 spin coater (Laurell Technologies Corp), and then the coated slides were air-dried at room temperature for 24 h and oven-dried at 105 °C for 1 h. The contact angles of the coated slides with test liquids were performed on a Sigma 700 contact angle analyzer (Biolin Scientific Inc., Sweden) using the One Attention software (Biolin Scientific). At least three coated glass slides were prepared for each sample, and their mean values were reported in this paper. The contact angles of alumina with the test liquids were determined using a thin-layer wicking method,^[@ref23]^ which was performed on a Sigma 700 automatic tensiometer (Biolin Scientific Inc., Sweden).

Theoretical Interaction {#sec2.4}
-----------------------

The extended DLVO, XDLVO, the theory is an accepted approach for the illustration of interfacial forces between two surfaces in colloidal systems.^[@ref26]^ Physicochemical properties, e.g., the contact angle of particles and ζ-potentials of solutions, are closely related to the surface energies of particles. The surface tensions of flocculants (γ~f~^LW^, γ~f~^+^, γ~f~^--^) and aluminum oxide particles (γ~a~^LW^, γ~a~^+^, γ~a~^--^) can be calculated according to a series of Young's equations with three different liquids (e.g., water, glycerol, and diiodomethane). The surface tensions of these three liquids are found in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The expression of Young's equation is given in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}where the subscripts l and s represent liquid and solid, respectively. Surface tension (γ^TOT^) is the sum of an apolar (Lifshitz--van der Waals) (γ^LW^) and a polar (acid--base) component (γ^AB^). γ^AB^ includes an electron-donating (γ^--^) and an electron-accepting component (γ^+^). This set of experiments was conducted for the samples, and the surface tensions of these samples are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Surface Tension Components (mN/m) of the Liquids Used in the Measurement of Contact Angle^[@ref26]^

  liquids         γ^LW^   γ^+^   γ^--^   γ^AB^   γ^TOT^
  --------------- ------- ------ ------- ------- --------
  water           21.8    25.5   25.5    51.0    72.8
  glycerol        34.0    3.9    57.4    30.0    64.0
  diiodomethane   50.8    0.0    0.0     0.0     50.8

In the XDLVO theory, the total interfacial interaction force (Δ*G*^TOT^) is the sum of Lifshitz--van der Waals force (Δ*G*^LW^), electrostatic force (Δ*G*^EL^), and acid--base force (Δ*G*), as listed in the following equationsFor two interacting spherical particles with radii of *a*~1~ and *a*~2~, Δ*G*^LW^(*d*), Δ*G*^EL^(*d*) and Δ*G*^AB^(*d*) can be expressed aswhere *A*, ε, ζ, and κ^--1^ are the Hamaker constant, the permittivity of the medium, the ζ-potential, and the double-layer thickness, respectively; λ is the correlation length of the molecule in a liquid medium, 0.6 nm;^[@ref27]^ and *d*~0~ is the distance of the closest approach between two spherical particles, 0.157 nm.^[@ref33]^ ε is usually calculated based on the permittivity of a vacuum (ε~0~, 8.854 × 10^--12^ C^2^/(J·m)) and the relative permittivity of the medium ε~r~, which is 80 for water at 20 °C.^[@ref28]^

κ^--1^ is calculated from [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}([@ref28])where *k* and *e* are the Boltzmann constant (1.38 × 10^--23^ J/K) and the charge of an electron (1.602 × 10^--19^ C), respectively; *T* is the absolute temperature in K; and *v*~i~ and *n*~i~ are the valency and the number density (per liter of bulk liquid) of each ionic substance, respectively. In this study, κ^--1^ was calculated to be 9.709 nm.

Δ*G*~adh~^LW^ and Δ*G*~adh~^AB^ were derived from the Lifshitz--van der Waals/acid--base approach as follows

Flocculation of Aluminum Oxide Suspension {#sec2.5}
-----------------------------------------

The flocculation affinity of KL-*g*-AMPS, PAMPS, KL, and commercial flocculant PAA polymers in aluminum oxide suspension was analyzed on a dynamic drainage jar (DDJ), which was equipped with a photometric dispersion analyzer (PDA 3000, Rank Brothers, U.K.). First, 50 mL of deionized water (pH 7) was added to the DDJ and then the PDA was turned on for 10 min to circulate water at a constant flow rate of 50 mL/min. Second, 50 mL of aluminum oxide suspension (2.5 wt % and pH 7.0) was added into the DDJ at 100 rpm. After reaching a constant state at a flow rate of 50 mL/min, the flocculant solutions (0.5 g/L concentration) were injected into the DDJ. According to [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, the relative turbidity was calculated to represent the degree of flocculation from changes in the DC voltages of the PDA analyzer before and after adding flocculants^[@ref15]^where DC~i~, DC~f~, and DC~H~2~O~ are the initial DC voltage of the aluminum oxide suspension before adding flocculants, the final DC voltage of the suspension after adding flocculants, and the initial DC voltage of water solution, respectively.

Results and Discussion {#sec3}
======================

Graft Polymerization of AMPS onto KL {#sec3.1}
------------------------------------

The reaction of KL and AMPS was carried out in an aqueous solution via free radical polymerization using potassium persulfate as the initiator, which is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In this reaction, the sulfate-free radicals could be formed by the thermal decomposition of potassium persulfate^[@ref34]^ and were then transferred to either KL or AMPS. Phenoxy radicals on KL were thus generated by accepting the unstable hydrogen from phenolic hydroxyl groups of KL by sulfate radicals,^[@ref35]^ which could also generate resonance radicals. These radicals were then reacted with the AMPS or propagated AMPS to form KL-*g*-AMPS polymer, as depicted in reaction 1 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The AMPS segments in KL-*g*-AMPS polymers contained ionic sulfonate groups and thus offered anionic charges, excellent water solubility, and higher molecular weights to KL. As shown in reaction 2 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, AMPS could participate in a side reaction to produce the homopolymer of PAMPS if free radicals were transferred to it. The reaction conditions could influence both lignin-based polymerization and homopolymerization. To minimize side reactions, the reaction conditions were optimized in terms of the charge density and grafting ratio of the desired lignin-based polymer, as stated in the following section.

![Polymerization of KL and AMPS.](ao0c02598_0002){#fig1}

Reaction Optimization {#sec3.2}
---------------------

### pH Effect {#sec3.2.1}

The effect of pH on the charge density and grafting ratio of KL-*g*-AMPS polymer is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. It was found that the charge density and grafting ratio of KL-*g*-AMPS polymer decreased with increasing pH value. At pH 1.0, the anionic charge density and grafting ratio were the highest at 4.28 mequiv/g and 325%, respectively. The KL-*g*-AMPS polymer obtained at a pH of 1.5 had a similar charge density and grafting ratio to those obtained at a pH of 1.0. However, when the pH value was higher than 1.5, the grafting ratio and charge density of the polymers were reduced. Therefore, pH 1.5 was selected as the optimum pH. Price and co-workers also reported that the polymerization efficiency of Kraft lignin with dimethyl diallyl ammonium chloride and acrylamide was declined sensibly when the pH value of the reaction medium was higher than 2.0.^[@ref35]^

![Effects of reaction conditions on the charge density and grafting ratio of KL-*g*-AMPS polymers: (a) pH under the conditions of 2.3 mol/mol AMPS/KL, 0.40 g/g solid/water ratio, 1.5 wt % initiator/KL, 80 °C, 120 min; (b) molar ratio of AMPS/KL under the conditions of 0.40 g/g solid/water ratio, 1.5 wt % initiator/KL, 80 °C, 120 min, pH 1.5; (c) solid/water ratio under the conditions of 2.5 mol/mol AMPS/KL, 1.5 wt % initiator/KL, 80 °C, 120 min, pH 1.5; (d) dosage of initiator under the conditions of 2.5 mol/mol AMPS/KL, 0.60 g/g solid/water ratio, 80 °C, 120 min, pH 1.5; (e) temperature under the conditions of 2.5 mol/mol AMPS/KL, 0.60 g/g solid/water ratio, 2.0 wt % initiator/KL, 120 min, pH 1.5; and (f) time under the conditions of 2.5 mol/mol AMPS/KL, 0.60 g/g solid/water ratio, 2.0 wt % initiator/KL, pH 1.5, 80 °C.](ao0c02598_0003){#fig2}

### Molar Ratio of AMPS/KL {#sec3.2.2}

The influence of the AMPS/KL molar ratio on the charge density and grafting ratio of KL-*g*-AMPS polymer is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. It was observed that with the increase in the AMPS/KL molar ratio from 0.5:1 to 2.5:1, the anionic charge density and grafting ratio of KL-*g*-AMPS increased from 2.91 meg/g and 41% to 4.27 mequiv/g and 340%, respectively. This result confirmed an increase in the polymerization efficiency of KL and AMPS due to the enhanced AMPS content in the reaction system. However, the anionic charge density and grafting ratio of KL-*g*-AMPS polymer was reduced when the molar ratio of AMPS/KL was higher than 2.5:1, which could be elucidated by the fact that the homopolymerization of AMPS was probably dominated to generate PAMPS, which hindered the polymerization of KL and AMPS. A similar phenomenon was also found in the polymerization of KL with METAC.^[@ref36]^

### Ratio of Solid/Water {#sec3.2.3}

The effect of concentration of solid to water on the charge density and grafting ratio of KL-*g*-AMPS polymer is depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. The increase in the ratio of solid/water from 0.30 to 0.60 g/g slightly reduced the anionic charge density and grafting ratio of KL-*g*-AMPS polymer from 4.32 mequiv/g and 286% to 4.17 mequiv/g and 223%, respectively. These reductions in charge density and grafting ratio were ascribed to the fact that the lower contents of the water in the reaction medium could cause the lower mobility of chemical groups, e.g., phenolic hydroxyl radicals in KL, to AMPS^[@ref37]^ and thus decrease the probability of collision among these groups to form KL-*g*-AMPS polymer. When the ratio of solid/water was higher than 0.60 g/g, these two values were dramatically reduced. Therefore, considering the cost of producing polymer and dealing with the potential wastewater generation, the 0.60 g/g ratio of solid/water was selected as the optimized condition.

### Dosage of Initiator {#sec3.2.4}

The charge density and grafting ratio of KL-*g*-AMPS polymer as a function of initiator dosage are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. The anionic charge density of KL-*g*-AMPS polymer increased from 3.35 to 4.28 mequiv/g, when the dosage of initiator/KL elevated from 0.5 to 2.0 wt %. However, further increasing the dosage of initiator/KL from 2.0 to 2.5 wt % could decrease the charge density and grafting ratio of KL-*g*-AMPS. It has been reported that the lower dosage of the initiator led to fewer radicals available for the lignin-based grafting reaction^[@ref38]^ and thus resulted in the polymer with a lower 2-acrylamido-2-methylpropane sulfonic acid (AMPS) content. However, extra radicals would elevate the probability of homopolymerization of AMPS monomer and hamper the chance of APMS reacting with KL. A similar result was reported for the reaction between KL and acrylic acid.^[@ref12]^

### Temperature {#sec3.2.5}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e displays the influence of reaction temperature on the charge density and grafting ratio of KL-*g*-AMPS polymer. The anionic charge density and grafting ratio of polymer were enhanced with temperature elevation from 50 to 80 °C, indicating that the polymerization between KL and AMPS was an endothermic reaction, and the increase in the temperature would generate more free radicals and hence a higher polymerization rate. However, when the temperature was raised from 80 to 90 °C, the anionic charge density and grafting ratio of KL-*g*-AMPS polymer decreased from 285% and 4.28 mequiv/g to 258% and 4.20 mequiv/g, respectively. The decrease in the charge density and grafting ratio of KL-*g*-AMPS polymer was ascribed to the fact that more chain termination and transfer reactions took place at a temperature higher than 80 °C. A similar phenomenon was also reported for the preparation of lignin-poly(acrylamide)-poly(2-methacryloyloxyethyl)trimethylammonium chloride^[@ref13]^ and lignin-poly\[2-(methacryloyloxy)ethyl\]trimethylammonium chloride.^[@ref36]^

### Time {#sec3.2.6}

The charge density and grafting ratio of KL-*g*-AMPS polymer as a function of reaction time are depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f. It was found that both the anionic charge density and the grafting ratios increased with the extending reaction time from 30 to 120 min and reached the highest values of 4.28 mequiv/g and 285%, respectively. This phenomenon was ascribed to the extension of chains in KL-*g*-AMPS polymer and the availability of hydroxyl radicals and AMPS monomer molecules.^[@ref12]^ However, when the time was longer than 120 min, the grafting ratio and charge density of KL-*g*-AMPS polymer was scarcely changed.

Properties of KL-*g*-AMPS and PAMPS {#sec3.3}
-----------------------------------

To characterize the polymers, KL-*g*-AMPS derived under the optimized conditions of 2.5 mol/mol AMPS/KL, 0.60 g/g solid/water ratio, 2.0 wt % initiator/KL weight ratio, 80 °C, 120 min, and pH 1.5 was selected as the best sample due to its highest grafting ratio of AMPS on KL-*g*-APMS. The properties of KL-*g*-AMPS, KL, and PAMPS generated under the same conditions are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The anionic charge density of KL-*g*-AMPS was 4.28 mequiv/g and higher than that of KL (1.5 mequiv/g), which verified the successful grafting of AMPS onto KL. This reported charge density for the lignin polymer was substantially higher than that (3.33 mequiv/g) reported in the previous work on the hydroxypropyl sulfonation of Kraft lignin with 3-chloro-2-hydroxypropansulfonic acid sodium.^[@ref39]^ In terms of the elemental analysis, we found that the oxygen, nitrogen, and sulfur contents of KL-*g*-AMPS were higher, while its carbon content was lower than those of KL. The chemical formulas of KL and KL-*g*-AMPS were C~9~H~9.82~O~2.76~S~0.13~ and C~9~H~12.06~O~3.89~N~0.61~S~0.73~, respectively. According to the nitrogen content, the grafting ratio of KL-*g*-AMPS was calculated to be 285%, which implied that 74 wt % of AMPS and 26 wt % of KL were present in the KL-*g*-AMPS polymer. The average molecular weight of KL-*g*-AMPS was 378 470 g/mol, which was significantly higher than that of KL (43 500 g/mol), demonstrating the successful polymerization of AMPS and KL. Furthermore, the polydispersity of KL was improved after the polymerization. However, the PAMPS prepared under the same reaction conditions had a relatively higher charge density, molecular weight, and polydispersity than that of KL-*g*-AMPS. Based on the nitrogen content, the theoretical charge density of PAMPS was determined to be 4.3 mequiv/g, respectively, which was similar to that of the experimental value (4.4 mequiv/g). It was also found that the charge density and molecular weights of KL-*g*-AMPS were lower than those of PAMPS, which was probably caused by the easier homopolymerization of 2-acrylamide-2-methylpropane sulfonic sodium than polymerization of KL and AMPS in an acidic environment.

###### Molecular Weight and Elemental Analysis of KL, PAMPS, KL-*g*-AMPS, and PAA

  samples                     KL                          PAMPS     KL-*g*-AMPS                         PAA
  --------------------------- --------------------------- --------- ----------------------------------- ---------
  *M*~n~ (g/mol)              20 400                      164 990   145 450                             66 000
  *M*~w~ (g/mol)              43 500                      501 920   378 470                             408 000
  *M*~w~/*M*~n~               2.1                         3.0       2.6                                 6.2
  charge density (mequiv/g)   --1.5                       --4.4     --4.3                               --13.8
  grafting ratio (%)                                                202                                  
  C (%)                       59.1                        37.3      41.1                                 
  H (%)                       5.8                         6.4       6.4                                  
  O (%)                       26.0                        26.9      32.8                                 
  N (%)                       0.00                        6.0       4.5                                  
  S (%)                       2.5                         13.4      12.4                                 
  formula                     C~9~H~9.82~O~2.76~S~0.13~   \-        C~9~H~12.06~O~3.89~N~0.61~S~0.73~    

^1^H NMR Analysis of KL, KL-*g*-AMPS, and PAMPS {#sec3.4}
-----------------------------------------------

The ^1^H NMR spectra of KL, KL-*g*-AMPS, and PAMPS are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In the spectra of PAMPS and KL-*g*-AMPS, the peaks for the PAMPS chain segment appeared at 1.39 ppm (−CH~3~), 1.94 ppm (methylene proton in −CH~2~--CH−), 3.23 ppm (methyne proton in −CH~2~--CH−), and 7.34 ppm (−NH−). The signal of proton in CH~2~-OSO~3~ was overlapped by the peak of the solvent. The similar assignments were also reported by Azmeera et al.^[@ref18]^ The characteristic peaks for KL were also found in the spectrum of KL-*g*-AMPS, which was weak as compared with the peaks for PAMPS. These results confirmed the successful graft polymerization of PAMPS onto KL.

![^1^H NMR spectra of KL, KL-*g*-AMPS, and PAMPS.](ao0c02598_0004){#fig3}

Theoretical Interaction of Flocculants and Particles {#sec3.5}
----------------------------------------------------

Characterization of the surface properties of both aluminum oxide particles and flocculants is necessary for the establishment of the interfacial interaction analysis. The results of the average size and ζ-potential of the aluminum oxide suspensions and flocculants are shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The average size of the KL, KL-*g*-AMPS, PAMPS, and aluminum oxide were determined to be 18.4, 158.2, 207.3, and 832.3 nm, while their ζ-potentials were −22.7, −52.6, −48.6, and +30.0 mV, respectively. The contact angles of water, glycerol, and diiodomethane on the flocculant coated surfaces are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

###### ζ-Potentials and Contact Angles of Lignin and KL-*g*-AMPS Copolymer

                                                     contact angle (deg)                  
  ------------------- ------------- ---------------- --------------------- -------------- --------------
  KL                  18.4 ± 0.6    --22.70 ± 0.83   18.24 ± 0.55          34.81 ± 1.18   46.78 ± 0.23
  KL-*g*-AMPS         158.2 ± 1.3   --52.65 ± 1.14   14.46 ± 0.78          28.30 ± 0.84   44.47 ± 2.10
  PAMPS               207.3 ± 4.6   --48.56 ± 1.35   23.84 ± 0.36          43.67 ± 0.99   39.22 ± 2.31
  alumina particles   832.3 ± 7.8   +30.06 ± 2.26    64.67 ± 3.42          20.67 ± 1.05   57.21 ± 4.87

Based on the results of contact angles, the surface energy components (γ^LW^, γ^+^, γ^--^) of the aluminum oxide particles and the flocculants were calculated using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, and the results are shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. With these surface energy components, Δ*G*~adh~^LW^ and Δ*G*~adh~^AB^ were separately obtained from [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, respectively. Δ*G*^LW^(*d*), Δ*G*^EL^(*d*), and Δ*G*^AB^(*d*) were derived using [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}--[6](#eq6){ref-type="disp-formula"}, respectively. Δ*G*^TOT^(*d*), the total interaction energy, was calculated by summing the above three energies following [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}. The plots of these interaction energies versus the separation distance between aluminum oxide and the flocculants are found in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It was found that both AB and LW interactions for flocculant and alumina oxide particles were positive, while EL interaction was negative, indicating the AB and LW interactions were repulsive, while the EL interaction was attractive in the flocculation process. Δ*G*^TOT^ between the flocculants and alumina oxide particles exhibited the secondary minimum due to different strengths and properties of the AB, LW, and EL interactions. In these three interactions, Δ*G*^EL^ was the dominant force. Hence, it was believed that electrostatic interaction was the primary mechanism for the flocculation process. As shown in the Δ*G*^TOT^ curves, the secondary minimum depth of PAMPS was slightly larger than that of KL-*g*-AMPS, and that for both of them were much larger than that of KL. This finding explained the highly efficient flocculation of KL-*g*-AMPS and PAMPS for aluminum oxide particles, which was in agreement with the results of the flocculation experiment.

![Interaction energies between aluminum oxide particles and flocculants versus the separation distance: (a) KL, (b) PAMPS, and (c) KL-*g*-AMPS.](ao0c02598_0005){#fig4}

###### Surface Energy (mJ/m^2^) Components of Alumina and Flocculants

  samples       γ^LW^   γ^+^   γ^--^
  ------------- ------- ------ -------
  KL            42.12   0.00   64.27
  KL-*g*-AMPS   44.91   0.00   63.83
  PAMPS         37.72   0.79   52.20
  alumina       47.58   0.17   12.23

As shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the anionic charge density of KL was only 1.5 mequiv/g and much lower than those of KL-*g*-AMPS and PAMPS, which endowed a relatively lower ζ-potential. The lower ζ-potential would generate lower EL interaction forces between flocculants and aluminum oxide particles, which was not beneficial for their adhesion and enhancing the flocculation efficiency of aluminum oxide particles. Therefore, to obtain KL-*g*-AMPS flocculant with excellent flocculating ability, the charge density of the polymer may need to be improved.

Flocculation of KL, KL-*g*-AMPS, and PAMPS {#sec3.6}
------------------------------------------

The flocculation characteristics of KL, KL-*g*-AMPS, and PAMPS were evaluated in a 0.25 wt % alumina suspension, and the results are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The flocculation efficiencies of KL-*g*-AMPS and PAMPS were elevated with an increase in the dosage of KL-*g*-AMPS and PAMPS in the aluminum oxide suspension. It was well known that flocculation was induced by charge neutralization, bridging, and hydrophobic/hydrophobic interaction.^[@ref20],[@ref40]^ The better flocculation efficiency of PAMPS homopolymer than KL-*g*-APAMS was probably attributed to its higher charge density ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Compared with PAMPS and KL-*g*-AMPS, KL did not flocculate aluminum oxide particles, which was ascribed to the fact that KL had a slightly negative charge density and a very small molecular weight. To achieve the relative turbidity of 0.2, about 0.40 mg/g of KL-*g*-AMPS or PAMPS to alumina was needed. As reported earlier, KL-*g*-AMPS included 74% AMPS and 26% KL. Consequently, it was concluded that 0.30 mg/g of AMPS was required to obtain a 0.2 relative turbidity value when KL-*g*-AMPS was applied. However, to achieve similar relative turbidity, 0.40 mg/g of AMPS was needed when PAMPS was applied. The results indicated that the usage of KL-*g*-AMPS instead of PAMPS would decrease the overall use of AMPS by 25%, which would be important for the development and use of sustainable chemicals. However, AMPS was more effective to achieve a lower relative turbidity ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), and KL-*g*-AMPS with a higher charge density and molecular weight may be needed to achieve a more efficient flocculant. Considering the advantage of seminatural KL-*g*-AMPS, the polymerization process for the generation of this polymer may be conducted following a different route, e.g., atom transfer radical polymerization (ATRP) polymerization, or KL-*g*-AMPS may be used in a dual flocculation system along with other flocculants.

![Flocculation performance of KL, KL-*g*-AMPS, and PAMPS in aluminum oxide suspension of 0.25 wt % at pH 7.0.](ao0c02598_0006){#fig5}

PAA is a commercial polymer that has extensively been used as a flocculant in industry.^[@ref30]^ The PAA with the molecular weight (*M*~w~) of 408 000 g/mol was selected ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), as it had a molecular weight close to those of KL-*g*-AMPS and PMAPS produced in this study. It can be seen that PAA was less effective in flocculating aluminum oxide particles than other polymers despite their similar molecular weights. As it had a larger polydispersity index than those of other polymers ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), the existence of the low-molecular-weight portion of PAA perhaps did not help with bridging the aluminum oxide particles. Also, the relatively higher charge density of PAA probably prevented its sufficient adsorption on the aluminum oxide particles for flocculating and thus removing aluminum oxide particles.^[@ref30],[@ref41]^

The application of functionalized, negatively charged, and lignin-based polyelectrolytes can be further explored in other colloidal systems. For instance, this anionic polymer, KL-*g*-AMPS, could be a good candidate for the wet end application of papermaking, municipal and industrial wastewater (e.g., pulp and paper), and the removal of various cationic dyes, such as ethyl violet, from the wastewater of the textile industry.^[@ref42]^ Also, KL-*g*-AMPS with a higher charge density (than what was produced in the present research) could potentially be employed as a replacement for lignosulfonate for the removal of sulfur slurry present in the pulp density of the underflow in copper heap leaching process of a mining process.^[@ref43]^

Conclusions {#sec4}
===========

The polymerization between KL and AMPS was successfully carried out. The optimal process conditions were 2.5 mol/mol AMPS/lignin, 0.6 g/g solid/water ratio, 2.0 initiator/lignin weight ratio, 80 °C, 120 min, pH 1.5, which yielded KL-*g*-AMPS with the anionic charge density of 4.28 mequiv/g and the grafting ratio of 285%. The ^1^H NMR and elemental analyses confirmed the successful synthesis of KL-*g*-AMPS polymers. The molecular weight of KL-*g*-APAMS was 378 470 g/mol, while that of KL was 43 500 g/mol. The theoretical analysis revealed the role of short-term interactions in the polymer/particle flocculation system for all polymers. From this analysis, it was discovered that the EL interaction force was the dominant force developed between particles in the flocculation process, indicating that the electrostatic interaction was dominant. To achieve the relative turbidity of 0.2, KL-*g*-AMPS polymers had comparable efficiency with that of PAMPS, indicating that the use of KL-*g*-AMPS would reduce the use of synthetic monomer, AMPS, in flocculating aluminum oxide particles. As PAMS was generally more efficient than KL-*g*-AMPS, to further improve the efficiency of KL-*g*-AMPS, its polymerization reaction may be conducted following a different process or it may be used along with other flocculants in flocculation processes.
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